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Sun glint requirement for the remote
detection of surface oil films
Shaojie Sun1 and Chuanmin Hu1
1College of Marine Science, University of South Florida, St. Petersburg, Florida, USA
Abstract Natural oil slicks in thewestern Gulf of Mexico are used to determine the sun glint threshold required
for optical remote sensing of oil films. The threshold is determined using the same-day image pairs collected by
Moderate Resolution Imaging Spectroradiometer (MODIS) Terra (MODIST), MODIS Aqua (MODISA), and Visible
Infrared Imaging Radiometer Suite (VIIRS) (N=2297 images) over the same oil slick locationswhere at least one of the
sensors captures the oil slicks. For each sensor, statistics of sun glint strengths, represented by the normalized glint
reflectance (LGN, sr
1), when oil slicks can and cannot be observed are generated. The LGN threshold for oil film
detections is determined to be 105–106 sr1 for MODIST and MODISA, and 106–107 sr1 for VIIRS. Below
these thresholds, no oil films can be detected, while above these thresholds, oil films can always be detected
except near the critical-angle zone where oil slicks reverse their contrast against the background water.
1. Introduction
In addition to synthetic aperture radar (SAR) and other active sensors, passive optical remote sensing using
reflected sunlight has also been used to detect and monitor oil spills in the marine environments [Brekke and
Solberg, 2005; Fingas and Brown, 1997, 2014; Leifer et al., 2012; Garcia-Pineda et al., 2013]. The principle of oil
detection on the ocean surface using SAR is through oil’s dampening of surface capillary and short gravity
waves under certain wind conditions, resulting in reduced Bragg scattering signal and negative oil-water con-
trast in SAR imagery. In contrast, optical remote sensing of oil spill is based on the difference between oil and
water’s optical properties (absorption and scattering) in addition to the same wave damping effect as observed
in SAR imagery. The latter effect makes it possible to observe thin oil films in optical remote sensing imagery
under sun glint conditions [Adamo et al., 2009; Chust and Sagarminaga, 2007; De Carolis et al., 2014; Hu et al.,
2009; Jackson and Alpers, 2010;Macdonald et al., 1993]. In particular, Hu et al. [2009] reported that oil slicks from
natural seeps of the Gulf of Mexico (GoM) can be observed only when sun glint is present in the Moderate
Resolution Imaging Spectroradiometer (MODIS) imagery. However, the strength of sun glint required to detect
thin oil films has never been quantified objectively. It is therefore difficult or even impossible to answer the fol-
lowing question: if a cloud-free image does not show oil slicks, is it because there is no oil or because oil is not
detectable under that observing condition? Being able to answer this question is of critical importance to avoid
false negative detection. Thus, the objective of this study is to determine the sun glint threshold required for
detecting thin oil films in optical remote sensing imagery. This is achieved through comparing same-day
(usually within 1–2h) imagery of multiple sensors over the same natural seeps.
2. Data and Methods
Instead of using a theoretical approach [e.g., Otremba and Piskozub, 2001, 2003; Otremba et al., 2013], the sun
glint threshold in this study is determined through statistical analysis of multisensor imagery collected on
the same day. Such an analysis has two critical requirements: (1) oil slicks must be sufficiently thin so that their
modulation to the remote sensing signal is primarily through the wave damping effect and (2) there are
simultaneous measurements of the same oil slicks by two sensors, with oil slicks captured by at least one of
them (to assure there is indeed oil on the surface). For this reason, the natural oil slicks in the GoM are used
together with two MODIS sensors (on Terra and Aqua, respectively) and the recently launched Visible
Infrared Imaging Radiometer Suite (VIIRS).
2.1. GoM Natural Oil Slicks
Oil has its own optical properties, characterized by strong absorption in the short wavelengths and an exponential
decay toward longer wavelengths [Byfield, 1998; Howari, 2004;Ma et al., 2009]. Emulsified oil is also characterized
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by strong scattering in the red-NIR (near-infrared)-SWIR (shortwave infrared) wavelengths, making oil appear dark
reddish [Clark et al., 2010]. Thick or emulsified oil, for example, during the Deepwater Horizon oil spill, can thus be
captured by MODIS imagery without sun glint [Hu et al., 2011]. To determine the sun glint threshold, the oil-water
contrast modulation through oil’s optical properties must be minimized, making it necessary to use thin oil films
to test the detectability under various sun glint strengths. The western GoM has long been known to have thin oil
slicks from natural seeps [Garcia-Pineda et al., 2010; Hu et al., 2009;Macdonald et al., 1993]. These natural oil slicks
are very thin, usually 1μmor less, due to the high evaporation rate during their initial spreading after reaching the
ocean surface from the ocean floor [MacDonald et al., 2002]. The modulation of the surface reflectance by these
thin sheens is mostly through specular reflection [Adamo et al., 2009], thus making them suitable for the purpose
of determining sun glint threshold.
2.2. Remote Sensing Data and Processing
MODIS Terra (MODIST) and MODIS Aqua (MODISA) Level 0 data between 2012 and 2014 were obtained from
NASA Goddard Space Flight Center and processed to calibrated radiance (Level 1B) using the SeaWiFS Data
Analysis System (SeaDAS, version 7.0). Then, ozone and Rayleigh correction were applied to generate
Rayleigh corrected reflectance (Rrc) for all spectral bands, which were then mapped to a rectangular
projection at approximately 250m per pixel to match the nominal resolution of the 645 and 859 nm bands.
The 500m resolution bands of 469 and 555 nmwere resampled to 250m using a sharpening scheme. Rrc data
at 645, 555, and 469 nmwere used to compose the red-green-blue (RGB) images for visual inspection. During
this processing, the solar/viewing geometry (solar zenith, sensor zenith, and relative azimuth angles) for each
pixel was also recorded.
VIIRS Level 1 calibrated radiance data for the imagery bands (640, 865, and 1610 nm, 375m resolution)
between 2012 and 2014 were obtained from the NOAA Comprehensive Large Array-data Stewardship
System and thenmapped to a rectangular projection. To coregister with the MODIS images for cross compar-
ison, the VIIRS data were resampled to 250m resolution, and RGB images were generated using the 1610 (R),
640 (G) and 865 nm (B) bands. Similar to MODIS processing, the solar/viewing geometry for each pixel was
recorded during the map projection. Although due to technical difficulties Rrc data were not generated, this
study relies on the spatial contrast between adjacent oil and oil-free pixels, and the use of total radiance
instead of Rrc will therefore not impact any image interpretation or result.
2.3. Estimating Sun Glint Strength
Following the published literature for ocean color data processing [Wang and Bailey, 2001a; Zhang and Wang,
2010], sun glint strength was defined as the normalized sun glint reflectance (LGN, in units of sr
1). Based on
the evaluation of several models using MODIS data, Zhang and Wang [2010] showed that the Cox and Munk
[1954] model performed the best and therefore was selected to estimate LGN. The model inputs included
wind speed (to estimate the surface roughness) and solar/viewing geometry.
Wind speed data (4 times a day) between 2012 and 2014 were obtained from the National Centers for
Environmental Prediction (NCEP). The NCEP wind product was gridded at 1° but was interpolated to 1 km
resolution during processing [Wang and Bailey, 2001a]. For eachMODIS or VIIRS pixel, with knownwind speed
and solar/viewing geometry, LGN was then derived using the above model.
2.4. Determine LGN Threshold for Oil Film Detection
All images were visually inspected first, from which a total of 742 MODIST images, 735 MODISA images, and
820 VIIRS images were found to contain minimal cloud cover. These images were used to determine the LGN
threshold for each sensor through the following steps.
1. Determine natural oil slicks from each image. Each RGB image was visually inspected using the color
stretch functions in software Environment for Visualizing Images (ENVI, version 4.8) to detect spatially
anomalous and elongated features as oil slicks tend to be elongated [Sun et al., 2015]. An objective
analysis was used to test whether the slick was statistically different from its surrounding water, which
calculated the difference between the pixel of interest and a 40 × 100 pixel window centered at the pixel.
If the difference was greater than 2 standard deviations from themean value of the window, the pixel was
then classified as a statistically significant anomaly. The anomalies were compared with those determined
from other coregistered images using the same method. Recurrent anomalies at the same locations were
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regarded as oil slicks from natural seeps. In short, a spatially anomalous (after color stretch) feature was
regarded as a natural oil slick if (1) it is elongated, (2) it is recurrent in the same location, and (3) its spatial
contrast from surrounding waters is above 2 times standard deviation.
2. Determine LGN threshold for each sensor. To determine LGN threshold for MODIST, each of the MODISA
and VIIRS images containing oil slicks was searched for its same-day MODIST image. Once the MODIST
image was found, LGN from MODIST for the oil slick location (identified by either MODISA or VIIRS) was
recorded. Note that here the emphasis is the location instead of oil slick, as the MODIST image may or
may not reveal such slicks even though oil is known to exist at that time and location (from MODISA or
VIIRS). Together with the already established records for MODIST oil slicks and their associated LGN, a
library was created where each case of oil slick presence/absence in MODIST imagery was associated with
an LGN value. Such a library was used to generate statistics (histogram) to determine below which LGN
value (i.e., threshold) oil slicks could not be detected in MODIST imagery and to determine above which
LGN value oil slicks could always be detected in MODIST imagery. The same method was applied to
MOIDSA and VIIRS, with thresholds determined for each sensor.
3. Results
Figure 1 shows several examples of the same-day image pairs where one sensor revealed oil presence
(first and second columns) while the paired sensor showed either oil presence or absence (third column).
The corresponding LGN value is annotated on each image. Figure 1a shows a case where both VIIRS and
MODISA revealed oil presence, where statistically significant anomalies were found over the slick pixels.
Figure 1b presents another case where the paired MODIST and VIIRS images both show oil slicks but with
opposite contrasts. The other three cases (Figures 1c–1e) are examples where one sensor shows oil presence
but the paired sensor does not.
A total of 2297 images between 2012 and 2014 (742 MODIST, 735 MODISA, and 820 VIIRS) were examined.
Of these, 136 images were found to show oil slicks, but these slicks were not detected by the same-day
images from other sensors; 167 same-day image pairs (from different sensors) were found to show oil slicks
at the same locations. The remaining images were not appropriate for the study purpose because they either
contained significant amount of cloud cover, did not form same-day image pairs, or did not show oil slicks in
either of the paired images.
The statistical results are displayed in histograms in Figure 2 to facilitate visualization and determination of
the LGN threshold for oil film detection by each sensor. It is clear that the data for each sensor are separated
into two groups: oil exists and detected (red) and oil exists but not detected (blue). Therefore, the LGN value
separating the blue and red groups was determined to be the threshold for the detection limit. Similar to any
other binary classifications (e.g., cloud detection), there is always a gray zone to separate the two classes. In
this case the LGN threshold for the detection limit was taken as a range and determined to be 10
5–106 sr1
for MODIST and MODISA and 106–107 sr1 for VIIRS. Below the lower bound of this range, at least for 98%
of the cases oil films cannot be detected. Above the higher bound of this range, at least for 98% of the cases
oil films can always be detected. Within this range, oil films can sometimes be detected.
4. Discussion
The entire procedure was based on the assumption that between the same-day image pair oil slicks on the
surface, if any, did not changemuch. This is because all three polar orbiting satellites have an equatorial cross-
ing time of either late morning or early afternoon, making the time difference within at most 3 h. Indeed, time
difference for most image pairs was< 2 h. In such a short time oil slicks are unlikely to change dramatically
[Adamo et al., 2009]. This has been demonstrated in both Figures 1a (time difference: 18min) and 1b (time
difference: 2 h and 23min). Even for the latter case, the positions and shapes of identified oil slicks remained
nearly unchanged in both images, confirming such an assumption.
It is interesting to see that VIIRS has improved capacity in detecting oil films than MODIST and MODISA, with
its LGN threshold nearly 1 order of magnitude lower (10
6–107 versus 105–106). Although there are some
uncertainties in the exact values, one can safely argue that VIIRS is more sensitive than MODIS in detecting oil
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Figure 1. Examples of image pairs collected on the same day by two different sensors showing their different capacity in detecting oil slicks. (a) Oil slicks detected by
both VIIRS and MODISA, (b) oil slicks detected by both MODIST and VIIRS, (c) oil slicks detected by VIIRS but not by MODIST, (d) oil slicks detected by MODISA but not by
VIIRS, and (e) oil slicks detected byMODIST but not byMODISA. The corresponding plots show reflectance (for MODISA andMODIST) or radiance (for VIIRS) in the red and
NIR bands along artificial transects across oil slicks (white/black lines in the images). For each selected point in the image (white/black crosses), sun glint strengths are
represented by the normalized glint reflectance (LGN, sr
1). The blue triangles in the plots indicate outliers (>2 times standard deviation from the mean) along the
transect, which represent statistically significant difference and therefore are used quantitatively to verify presence or absence of oil slicks. Sample illustration of the slick
delineation and annotation of clouds and cloud shadow features is presented in Figure 1a MODISA image, while the detection rule is described in
section 2.4. The inset figure (in Figure 1e) shows the approximate locations of the study region in the Gulf of Mexico.
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films under sun glint. This may be explained by the improved signal-to-noise ratio of VIIRS over MODIS in their
corresponding imaging bands [Xiong et al., 2014].
We want to emphasize that the findings here only apply to oil films where the oil’s influence to the image
signal (either Rrc or total radiance) is through primarily its modulation of surface waves. When oil is thicker,
oil’s optical properties play more important roles in changing the image signal, and oil may be detected even
under negligible sun glint. This has been evidenced during the Deepwater Horizon oil spill through MODIS
observations [Hu et al., 2011]. The same reason could also be used to explain the rare cases in Figure 2 when
oil was observed in the blue zone. It is possible that some of the oil slicks could form thick layers under low
wind and weak currents. However, these cases are rare (<2%), thus would not impact the findings and
conclusions here. For the same reason, such detected LGN thresholds can apply to biogenic surfactants
(from phytoplankton), below which the surfactants could not be detected even if they exist.
The LGN thresholds have at least three significant implications for monitoring oil spills and studying oil
seeps. First, oil absence in cloud-free satellite imagery does not necessarily suggest that there is no oil,
but it can be due to unfavorable sun glint conditions. Only when LGN is greater than the higher bound
of the threshold range can one conclude that there is indeed no oil. This information will then help
Figure 2. Statistics of sun glint strengths (LGN) where oil slicks exist can or cannot be detected from satellite images. (a) MODIST, (b) MODISA, and (c) VIIRS. Count on
the horizontal axis indicates number of images. The LGN threshold for oil slick detection is about 10
5–106 sr1 for Terra, 105–106 sr1 for Aqua, and
106–107 sr1 for VIIRS. For example, for MODIST, oil slicks cannot be detected if LGN is< 10
6 sr1 but can be detected if LGN is> 10
5 sr1. Between
105 and 106 sr1 oil slicks may or may not be detected.
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make decisions during an oil spill on whether and where to put sampling or mitigation efforts. Second,
for the same reason, images associated with unfavorable sun glint conditions (LGN< threshold) should
not be used to determine whether oil seeps release oil continuously. Instead, those images should be
regarded as “no data” when performing statistical analysis of oil seeps. In this regard, the LGN thresholds
will help address the critical question of whether oil seeps in the GoM continuously release oil, as such
a question has been difficult to address with SAR observations due to their infrequent coverage or with
MODIS observations due to lack of knowledge whether oil absence in the image means no oil on the
ocean surface. Third, due to the limited number of images used in the original study, Hu et al. [2009]
assumed that LGN> 10
4 sr1 when calculating sun glint “size” in terms of kilometers in the east-west
direction for the GoM at 25°N. Such an assumption agreed with independent observations by Adamo
et al. [2009]. The findings here suggest that the LGN threshold is at least 1 order of magnitude lower
(105 sr1), leading to increased sun glint size usable for slick detection. Figure 3a shows that when
105 was used as the threshold, the estimated sun glint size was significantly higher than the original
estimation using the 104 threshold [Hu et al., 2009]. Even during the winter, a significant portion of
MODIS and VIIRS images meets the criteria of LGN> 10
5 sr1, thus suitable for detecting oil films.
LGN is a function of wind, and it is therefore desirable to know which wind conditions are optimal for slick
detection. While the optimal wind speed required to detect thin oil slicks in SAR imagery has been reported
to vary slightly (e.g., 3 to 7–10m s1 in Brekke and Solberg [2005]; 3.5 to 7m s1 in Garcia-Pineda et al. [2009]),
a general consensus is that the wind limits are around 1.5–10m s1 [Fingas and Brown, 2014], beyond which
thin oil cannot be observed in SAR imagery. In this study, for all images where slicks were identified, wind
ranged between 0.3 and 8.3m s1 (Figure 3b), with 1.0–8.0m s1 for> 99% of the oil slick images. On the
accuracy of wind conditions, the extremes (<1. 0 and> 8.0m s1) of original NCEP wind data were substi-
tuted by data obtained from the nearest National Data Buoy Center buoys (after adjustment to 10m above
sea surface) in this analysis. Clearly, these results are comparable to those reported in the literature, further
confirming that optical detection of thin oil films in sun glint imagery is primarily due to the wave damping
effect. There are three cases showing wind speed of< 1.0m s1 (Figure 3b), possibly because these optical
channels are more sensitive than SAR to wave damping-induced spatial contrast.
While the judgment on the sun glint conditions is through the use of LGN, in practice a researcher or a flight pilot
may not have an easy way to calculate LGN even when the solar/viewing geometry and wind are all known. As a
simple guide, Figure 4 provides LGN as a function of solar zenith and sensor zenith angles at four relative azi-
muth angles (0°, 90°, 270°, and 180°) and two wind speeds (3m s1 and 6ms1). The LGN thresholds are also
annotated. From these graphs, one may make a quick and relatively accurate judgment on whether the mea-
surement geometry under certain wind conditions favors the detection of thin oil films. Note that NCEP wind
product is known to contain about 20% uncertainties without any obvious bias when evaluated against buoy
Figure 3. (a) Seasonal glint coverage (glint defined as LGN> LGN threshold) in the MODIS Aqua swath at 25°N assuming wind speed = 5m s
1. Results for MODIS
Terra and VIIRS are similar. Note that the results for LGN threshold = 10
4 sr1 are the same as in Figure 4 of Hu et al. [2009]. (b) Wind speed distribution for all
sun glint images where oil slicks were identified (N = 470 images). Note that the data for the two extremes (>8m s1 and< 1m s1) were from the nearby buoys
(after adjustment to 10m above surface), while other data were from NCEP.
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data [Wang and Bailey, 2001b]. A sensitivity analysis indicated that when wind speed was 20% underestimated,
LGN would also be underestimated (1 order of magnitude lower for LGN around 10
5 sr1). When wind speed
was 20% overestimated, LGN around 10
5 sr1 would be overestimated by 4 times.
Note that the results obtained here are for the lower detection limit with low sun glint strengths. For extre-
mely strong sun glint (LGN ~ 0.05 sr
1 [Hu et al., 2009]), oil slicks may reverse their contrast from negative to
positive around a critical angle [Jackson and Alpers, 2010]. In the narrow transition zone oil slicks lose their
contrast from water. However, the transition zone is typically small (several kilometers for a sensor at
700 km altitude), thus would not impact the statistics here.
Finally, the detection capacity will also depend on a sensor’s sensitivity (i.e., signal-to-noise ratio), and appli-
cation of the findings here to other sensors may therefore require some caution before a similar study is con-
ducted for the specific sensor of interest.
5. Conclusion
For the first time, sun glint requirement for detecting oil films in optical remote sensing imagery from the
three widely used ocean color sensors is quantified through multisensor comparisons, with the following
two main findings:
1. LGN threshold for oil film detections is 10
5–106 sr1 for MODIST and MODISA, and 106–107 sr1 for
VIIRS. Below the lower bounds of these thresholds, no oil films can be detected, while above the upper
bounds oil films can always be detected;
2. The optimal wind range for the three sensors is 1.0–8m s1, while the lower and upper bounds are found
to be 0.3 and 8.3m s1 from this analysis.
The sun glint thresholds determined here will provide critical information on which images (or which portions
of an image) can be used to search for oil, thus reducing false negative detection and improving statistics for oil
slick occurrence. From these results, the image portion suitable for detecting oil films has been found to be
Figure 4. LGN (sr
1) as a function of solar zenith angle, sensor zenith angle, their relative azimuth, and wind speed. For illustration purpose only several values of
relative azimuth and wind speed are chosen. The LGN thresholds to observe thin oil films are highlighted with dashed lines. The relative azimuth is defined as
180° when the Sun and the sensor are at mirroring positions.
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higher than previously thought, further reinforcing the conclusion that optical remote sensing imagery
provides a significant data source to complement SAR and other observations to study oil spills.
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